Innate behaviors such as circadian rhythms are hardwired into the nervous system, making them particularly useful for studying how information flows through neuronal circuits to generate behavior. Circadian rhythms in behavior help animals anticipate predictable daily changes in the environment 1,2 and are controlled by circadian pacemaker neurons. These neurons contain molecular clocks that drive rhythmic gene expression and set up 24-h rhythms in pacemaker neuron resting membrane potential, spontaneous firing rate and overall excitability 3 . Communication between clock neurons synchronizes their molecular clocks and adds robustness to the system 2 . Specific subgroups of clock neurons have peak neuronal activity at different times of day from each other and presumably regulate distinct output circuits to drive numerous rhythmic behaviors, including locomotor activity, sleep and feeding 1 . However, how the clock neuronal network controls different output circuits remains poorly understood.
a r t I C l e S
Innate behaviors such as circadian rhythms are hardwired into the nervous system, making them particularly useful for studying how information flows through neuronal circuits to generate behavior. Circadian rhythms in behavior help animals anticipate predictable daily changes in the environment 1, 2 and are controlled by circadian pacemaker neurons. These neurons contain molecular clocks that drive rhythmic gene expression and set up 24-h rhythms in pacemaker neuron resting membrane potential, spontaneous firing rate and overall excitability 3 . Communication between clock neurons synchronizes their molecular clocks and adds robustness to the system 2 . Specific subgroups of clock neurons have peak neuronal activity at different times of day from each other and presumably regulate distinct output circuits to drive numerous rhythmic behaviors, including locomotor activity, sleep and feeding 1 . However, how the clock neuronal network controls different output circuits remains poorly understood.
Rhythms in pacemaker neurons could propagate to downstream cells via two mechanisms. Clock neurons can act on distant cells via rhythmic hormonal signals which entrain and synchronize molecular clocks in peripheral tissues. For example, clock neurons control rhythmic glucocorticoid release from the adrenal gland into the bloodstream, which then helps reset the molecular clocks in peripheral organs such as the liver 4 . Clock neurons could also impose rhythmic activity on downstream neurons via direct neuronal communication. Although many neurons fire rhythmically in the mammalian brain, widespread clock gene expression in mammals makes it difficult to exclude a role for local clocks in these rhythms 5 .
Studies of Drosophila have been instrumental in dissecting the molecular and neuronal bases of circadian rhythms 2 . However, how clock outputs are mediated in Drosophila remains poorly understood.
Although peripheral clocks control rhythms in eclosion 6 and feeding 7 , the clock output circuits controlling locomotor activity rhythms and sleep remain elusive. These outputs probably converge on the central complex 8 , pars intercerebralis (PI) 9, 10 and mushroom bodies [11] [12] [13] . One output pathway links the small LN v principal pacemaker neurons (s-LN v ) to DN 1p clock neurons, which then innervate a subset of pars intercerebralis neurons that express the DH44 neuropeptide. These DH44-expressing neurons are required for circadian rhythms 10 , but how their activity is regulated by the clock network has not been addressed. A second likely clock output pathway involves central complex neurons that respond to pigment-dispersing factor (PDF) released from LN v s, although the function of these central complex neurons in circadian behavior has not yet been determined 14 . A third output pathway involves DH31 release from DN 1 clock neurons to regulate sleep, but the relevant targets remain to be characterized 15 .
Here we identify an additional circadian output circuit connecting clock neurons to locomotor and sleep centers in the brain. This circuit comprises a pair of non-clock neurons expressing the neuropeptide leucokinin (LK) and a set of downstream neurons expressing the leucokinin receptor (LK-R) that project to the central complex. Using calcium imaging, we demonstrate that clock neurons impose 24-h rhythms on the excitability and activity of LK and LK-R neurons by neuronal communication. We also show that LK and LK-R neurons control the rhythmicity and levels of locomotor activity and sleep. In addition, we found that clock neurons also impose activity rhythms on the previously characterized DH44 circadian output neurons. Thus propagation of clock neuron electrical rhythms is a general mechanism for organizing circadian rhythms of behavior via multiple circuits. a r t I C l e S RESULTS Leucokinin signaling is required for circadian rhythms We hypothesized that we could identify a novel circadian output circuit by screening for circadian behavioral defects in flies mutant for a signaling molecule and/or its relevant receptor. We chose neuropeptides because they usually have more restricted distributions than neurotransmitters and because many neuropeptides modulate neuronal activity to regulate specific behaviors, as PDF does in circadian rhythms 16, 17 .
We used transgenic RNA interference lines expressed via the panneuronal driver elav-Gal4 to knock down Drosophila neuropeptides in the whole brain and then assayed adult locomotor rhythms in constant darkness (DD; Fig. 1a and Supplementary Table 1) . We found four RNAi transgenes that weakened behavioral rhythms: Bursicon (Burs), SIFamide (SIFa), Leucokinin (Lk) and Neuropeptide-like precursor 3 (Nplp3) (Fig. 1a,b) . We focused on Lk because it does not seem to be involved in development and has an intriguing expression pattern in the brain (see below).
To further test whether Lk signaling is important in circadian behavior, we used RNAi to knock down expression of Leucokinin receptor (Lkr). This also weakened behavioral rhythms ( Fig. 1b and Supplementary  Table 2 ). To complement these RNAi experiments, we assayed the behavior of Lk c275 and Lkr c003 hypomorphic flies, which have reduced LK peptide and LK-R protein levels 18 . These mutants had weaker rhythms than heterozygous control flies. Lkr c003 and additional Lkr alleles gave similar behavioral phenotypes as hemizygotes (Fig. 1c,d, Supplementary  Fig. 1a and Supplementary Table 2) .
Quantifying LK peptide levels and Lkr RNA in the different mutants revealed that the strength of behavioral phenotypes correlates with the extent of knockdown: LK levels were reduced much more strongly by Lk RNAi than by Lk c275 , with only 3% of wild-type LK levels in Lk RNAi flies and stronger effects on behavior (Supplementary Fig. 1b,c Fig. 1d ) and these genotypes gave behavioral phenotypes similar in strength (Supplementary Table 2) .
Together, these RNAi and mutant analyses indicate that LK signaling is important in adult circadian rhythms. We were not able to test for a specific function of Lk in adult neurons, as restricting Lk RNAi expression to adulthood did not reduce LK peptide levels (data not shown). Below we describe how manipulating the activity of LK-and LK-Rexpressing neurons in adults altered rhythmic locomotor activity.
LK and LK-R neurons are not clock neurons Next we tested whether LK and LK-R neurons are clock neurons themselves. LK is expressed in only four neurons in the adult brain 19 npg a r t I C l e S pair in the lateral horn, the lateral horn LK neurons (LHLKs; Fig. 1e ).
Since the DN 3 clock neurons are close to LHLK cell bodies, we examined LK staining with clock neuron markers. LHLK neurons did not produce the essential clock protein Timeless (TIM, Fig. 1f ) nor did they express tim-or per-Gal4 ( Fig. 1g and Supplementary Fig. 2a) . We also expressed a dominant negative cycle transgene (UAS-cyc∆) 20 to block the molecular clock. UAS-cyc∆ completely abolished behavioral rhythms when expressed in clock neurons via tim-Gal4, but had no effect when expressed in LK neurons ( Supplementary Fig. 2b and Supplementary Table 2) .
To examine Lkr expression, we used an Lkr-Gal4 line that recapitulates endogenous LK-R expression 18 . Lkr is more widely expressed in the brain than LK and is also present in regions where clock neurons are located (Fig. 1h) . However, we did not detect TIM expression in Lkr-Gal4-expressing neurons (Fig. 1i) and locomotor rhythms were unaffected by expressing UAS-cyc∆ in LK-R neurons ( Supplementary  Fig. 2b and Supplementary Table 2 ). Thus we conclude that LK and LK-R neurons are not clock neurons.
Finally, we tested whether LK signaling affects the molecular clock in pacemaker neurons. We measured levels of the TIM and Vrille (VRI) core clock proteins in strong Lk RNAi knockdown flies on the second and third days in DD and found that their rhythms were very similar to the rhythms in control flies ( Supplementary Fig. 2c-e) . Thus LK signaling is likely downstream of the clock since Lk RNAi disrupts behavior without affecting molecular clock rhythms.
LHLK neurons project near clock neurons
To test whether LK and LK-R neurons are outputs of the clock, we wanted to determine whether they communicate with clock neurons.
We first analyzed their anatomy and found that LHLK projections (marked by LK staining) are very close to the dorsal projections of the s-LN v clock neurons (Fig. 2a) . To more clearly visualize LHLK projections, we used an Lk-Gal4 line that recapitulates endogenous LK expression 19 and the GFP amplification cassette FLEXAMP 21 . This revealed many sites of potential contact between s-LN v and LHLK projections (Fig. 2a) . Several clock neuron classes converge at the s-LN v dorsal projections 22 , and we also found LK staining very close to projections of DN 1p and LN d clock neurons (Fig. 2b,c) . These data are consistent with LHLKs communicating with one or more classes of clock neurons.
Next we examined the location of synaptic and dendritic markers in LK neurons. We expressed DenMark 23 and Syt::GFP 24 in LHLK neurons to simultaneously label LHLK input and output areas, respectively, and used immunohistochemistry for PDF to label the clock network output region. We found that DenMark accumulated in LHLK neurons close to s-LN v projections, with LHLK dendrites often intermingling with s-LN v projections in single confocal sections (Fig. 2d,e) . In contrast, we mainly found Syt::GFP in more posterior sections of LHLK neurons, which do not contain s-LN v projections (Fig. 2d) . Since s-LN v s have presynaptic markers all along their dorsal projections 25 , our observations are consistent with the idea that LHLK neurons lie downstream of clock neurons.
Given the proximity of clock neurons and LHLKs, we wanted to test whether LK regulates circadian rhythms via LHLKs rather than the other LK-expressing neurons 19, 26 . We used apterous-Gal4 to express Lk RNAi in LHLKs but not in SELKs or abdominal LK neurons (ABLKs) 26 . Since apterous-Gal4>Lk RNAi flies had weaker rhythms than control flies (Supplementary Table 2 ), we propose that LK functions as a clock output specifically in LHLK neurons. This function appears npg a r t I C l e S distinct from those of LK signaling in feeding and diuresis, which are likely mediated by the SELKs and ABLKs 18, 27 .
The LK/LK-R circuit connects to locomotor and sleep areas Since LHLK neurons contact LK-R neurons 18 , we examined the projections of LK-R-expressing neurons to determine which brain regions are the likely target of the LK/LK-R circuit. LK-R neurons form a dense and complex meshwork. However, a subset of LK-R neurons either project to or have cell bodies in brain regions implicated in controlling locomotion and/or sleep-specifically, the pars intercerebralis and two regions of the central complex: the ellipsoid body and fan-shaped body (FSB) 8, 9 ( Fig. 2f,g ). To visualize subsets of LK-R neurons, we generated flip-out FLEXAMP clones with LkrGal4. We observed FLEXAMP GFP in the FSB in all six clones that labeled LK-R cell bodies in the lateral horn (Fig. 2g) . These lateral horn LK-R neurons arborized in the posterior part of the brain and overlapped extensively with LHLK projections (Fig. 2h) . Moreover, these LK-R arborizations likely represent inputs because they were enriched for DenMark staining ( Fig. 2i ) and because the presynaptic marker Syt::GFP localized in LHLKs in these posterior regions of the brain (Fig. 2d) . These data suggest that most LK-R neurons projecting to the FSB receive inputs from LHLKs. In contrast, LK-R outputs marked by Syt::GFP were located primarily in the ellipsoid body and FSB (Fig. 2j,k) . LK-R outputs were also present in the subesophageal ganglion, where SELKs are found (data not shown).
We found a second Lkr-Gal4 line (Lkr R65C07 -Gal4) that also labeled neurons in the lateral horn with presynaptic termini in the FSB (Supplementary Fig. 3 ). Using a Lkr R65C07 -LexA driver, we found that LK-R R65C07 projections in the FSB intermingled with projections from neurons labeled by three other FSB-neuron Gal4 lines that affect locomotor activity and sleep 8, 28 ( Supplementary Fig. 3f ). Thus LHLKs and these lateral horn LK-R neurons have the appropriate anatomy to connect clock neurons with locomotor activity and sleep control centers.
LHLK neuron excitability is regulated by clock neurons
Next we used a functional approach to directly test connectivity and identify the direction of information transfer. We first manipulated s-LN v activity by expressing the mammalian ATP-gated cation channel P2X 2 . Since Drosophila neurons do not express endogenous ATP-gated channels, ATP activates only neurons expressing the P2X 2 transgene 29 . We determined how this affects LHLK neuronal responses, using the genetically encoded calcium indicator GCaMP6S 30 as a proxy for neuronal activity.
As a positive control, we first expressed P2X 2 and GCaMP6S in LN v s and detected robust calcium transients in s-LN v s after perfusing ATP onto explanted brains (Supplementary Fig. 4a ). We saw similar responses in the large LN v s (l-LN v s) that regulate arousal 31, 32 Lk-Gal4>GCaMP6S
Lk>GCaMP6S +
Lk-Gal4>GCaMP6S
Pdf-Gal4>GCaMP6S npg a r t I C l e S activation did not detectably change GCaMP6S fluorescence in LHLK neurons (Supplementary Fig. 4a ).
To test whether LN v s inhibit LHLK neurons, we first needed to identify a way to activate LHLKs. We found that the acetylcholine agonist carbachol (CCh) induced calcium transients in LHLKs in a dosedependent manner (Supplementary Fig. 4b ). We preincubated brains with tetrodotoxin (TTX) to determine whether this response was direct. TTX blocks most communication via neural circuits by preventing action potentials, although graded potentials are probably unaffected. The LHLK response to CCh persisted in the presence of TTX, suggesting that CCh directly activates LHLKs (Supplementary Fig. 4b) .
We then tested whether the response of LHLKs to CCh is inhibited by LN v activation, using a lower CCh concentration to be able to detect inhibition. We found that inducing LN v firing almost completely abolished the LHLK response to CCh (Fig. 3a) . This inhibition was specific, as it required P2X 2 expression in LN v s (Fig. 3a) . Thus LHLK neurons are functionally postsynaptic to the clock network, consistent with their anatomy (Fig. 2) . Our results also revealed the sign of this connection: LHLKs are inhibited by LN v activity.
CCh could generate calcium transients by activating muscarinic receptors to release internal calcium stores 33 or nicotinic receptors to depolarize the neurons and induce firing. To test whether LN v s inhibit LHLKs via intracellular signaling or via membrane excitability, we added 35 mM KCl to directly generate calcium transients in LHLKs by depolarization. We found that the response of LHLKs to KCl was strongly reduced when LN v s were simultaneously activated (Fig. 3b) . Thus clock neurons inhibit LHLKs at the level of membrane excitability.
Next, we asked whether PDF neuropeptide, the main LN v output, is responsible for inhibiting LHLKs. PDF increases cyclic AMP by activating the PDF receptor (PDFR) in several classes of clock neurons, including s-LN v s and DN 1p s 16, 17 . We found that a 30-s PDF perfusion gradually increased intracellular calcium levels in s-LN v s, consistent with PDF depolarizing s-LN v s 17 . This response was specific, as it was not observed in l-LN v s (Supplementary Fig. 4c ), which do not express PDFR 34 .
Although LHLK neurons were not detectably activated by PDF perfusion (Supplementary Fig. 4c ), preincubating brains with PDF markedly inhibited their CCh response (Fig. 3c) . PDF inhibition was transient and disappeared after 15 min washout ( Supplementary  Fig. 4d ). Thus PDF signaling can inhibit LHLKs, further evidence that LHLKs are downstream of the clock network.
However, since PDF can activate s-LN v s and other clock neurons 16, 17, 34 (Supplementary Fig. 4c ), these data do not determine whether PDF directly controls LHLK excitability. To test this, we used two approaches. First, we used TTX to block action potentials while applying PDF. TTX was added for 20 min before PDF and also throughout the experiment. We found that TTX treatment largely eliminated LHLK inhibition by PDF (Fig. 3c) , indicating that PDF acts indirectly on LHLKs. Second, we preincubated brains in PDF but this time with LN v s ablated via a PDF-diphtheria toxin (Pdf-Dti) transgene 35 . This also prevented PDF from inhibiting LHLKs (Fig. 3d) . Since PDF requires LN v s to inhibit LHLKs, we interpret this to mean that PDF activates s-LN v s (Supplementary Fig. 4c ) which then signal to LHLKs either via an additional s-LN v neurotransmitter 36 or indirectly via the clock network. Identifying the neurons that directly regulate LHLKs will require finding the signal that modulates LHLK excitability.
LK peptide does not modulate LN v excitability
We then determined how LK affects its target neurons. First we tested whether LK-R neurons respond to LK peptide, focusing on the LK-R neurons with cell bodies in the lateral horn that project to the FSB. Adding LK to Lkr>GCaMP6S brains did not activate these LK-R Fig. 4e ). However, they were activated by CCh, and this response was strongly reduced by preincubation in LK peptide (Fig. 3e) . This contrasts with non-neuronal stellate cells, where LK increases intracellular calcium 37 , and could be explained by differential G protein coupling in distinct cell types. We conclude that the LK-R neurons in the lateral horn are bona fide LK-responding neurons. In addition, their projection patterns strongly suggest they are downstream of LHLKs but not SELKs. Therefore we propose that the LK/LK-R network connects clock neurons to the FSB and possibly also to the ellipsoid body and pars intercerebralis.
We also tested whether LK feeds back on clock neurons. Since we found no evidence for LK activating LN v s in Pdf>GCaMP6S brains (data not shown), we tested whether LN v s can be inhibited by LK. LN v s respond to CCh 38 , but this response was unaffected by preincubating brains with LK ( Fig. 3f and Supplementary Fig. 4f ). Thus LK does not affect s-LN v activity and LHLK neurons seem to act as outputs of the clock network.
Clock neurons impose rhythms on LHLK activity LN v s and DN 1p s are most depolarized and have highest spontaneous firing rates around dawn [39] [40] [41] . Since LHLK neuronal excitability is controlled by LN v firing, we speculated that LHLK neuron activity is also rhythmic (Fig. 3) . However, the timing of peak LN v and LHLK activity should differ since LN v s inhibit LHLKs.
To test these ideas, we first measured LHLK responses to CCh at two different times in DD. We measured LHLK responses when LN v activity is high during the subjective morning (CT0-3, where CT reflects circadian time in DD after entrainment to a 12:12 light:dark (LD) cycle), and in the subjective evening (CT9-12), when LN v activity is low 39 . We maintained individual flies in the dark until dissection to minimize exposure to light. We found that the LHLK response to CCh was two-fold lower in the subjective morning than subjective evening, and additional time points revealed a 24-h rhythm (Fig. 4a,b) . Low LHLK excitability when LN v activity is high is consistent with LN v s inhibiting LHLK neurons. Oscillations in explanted brains indicate that these rhythms are not driven by locomotor activity.
LHLK excitability rhythms are likely to be clock controlled because they persist in DD. To test this, we measured CCh responses in period null mutant (per 0 ) flies, in which the molecular clock has stopped 1 . We found that changes in LHLK excitability were lost in per 0 mutants, showing that these rhythms require intact molecular clocks (Fig. 4c,d ). This suggests that LHLK rhythms are imposed by circadian pacemaker neuron, as LHLK neurons do not contain molecular clocks. We thus measured LHLK excitability rhythms in brains with LN v s ablated and found this also eliminated LHLK rhythms (Fig. 4e,f) .
To determine whether these LHLK rhythms reflect endogenous neuronal activity, we quantified baseline GCaMP6S fluorescence in living explanted brains as a measure of spontaneous activity 42 . We observed a robust oscillation of GCaMP6S intensity with a peak around subjective dusk (CT11) and a trough at subjective dawn (CT0 and CT23; Fig. 4g ). We did not see any changes in GFP intensity between CT0 and CT11 using a destabilized GFP transgene expressed with Lk-Gal4 (Fig. 4h, as in ref. 43 ). Thus the GCaMP6S oscillation is not due to rhythmic Lk-Gal4 expression and presumably reflects changes in spontaneous LHLK activity over 24 h.
We also measured baseline GCaMP6S in LHLK neurons in per 0 mutants (Fig. 4g) and when LN v s were ablated (Fig. 4i) . Rhythms were lost in both situations, confirming that LHLK excitability is clock-controlled and driven by pacemaker neurons. We also found that artificially activating s-LN v s in the evening by applying PDF peptide decreased baseline GCaMP6S in LHLKs (Fig. 4j) . Thus we conclude that s-LN v firing reduces LHLK neuronal activity. PDF did not reduce LHLK GCaMP6S to the trough levels observed at dawn. This could mean that either s-LN v firing is required for >30 min to fully inhibit LHLKs or that weaker s-LN v synaptic outputs at dusk 43 prevent complete LHLK inhibition. In conclusion, these results demonstrate that LHLK excitability rhythms are generated non-cell-autonomously by rhythmic signaling of the clock network.
LHLK activity rhythms propagate to LK-R neurons
Next we tested whether LHLK activity rhythms are transmitted to LK-R neurons. We measured LK-R responses to CCh in DD and found that LK-R neurons were more excitable at dawn than dusk (Fig. 5a,b) . Furthermore, LK-R excitability rhythms were abolished in per 0 mutants (Fig. 5b,c) . We also measured LK-R excitability in Lkr c003 hypomorphs to test whether LK peptide itself transmits LHLK activity npg a r t I C l e S rhythms to LK-R neurons. We found that LK-R excitability oscillations were dampened in Lkr c003 mutant flies (Fig. 5b,d) , consistent with the hypomorphic nature of this allele and with LK modulating LK-R neurons. Thus LK-R neuron excitability is rhythmic, clockcontrolled and in antiphase to LHLKs, consistent with LK peptide inhibiting LK-R neuronal activity. We also tested whether these LK-R excitability rhythms reflect endogenous rhythms in neuronal activity by measuring baseline GCaMP6S levels. We observed a robust 24-h oscillation (Fig. 5e) in antiphase to LHLKs (compare Fig. 4g ). This oscillation was clock dependent (Fig. 5e) and blocked in Pdf-Dti brains (Fig. 5f) , demonstrating that LHLK rhythms originate from pacemaker neurons.
We also used Lkr R65C07 -Gal4 line to drive GCaMP6S in the LK-R neuronal subset that projects to the FSB (Supplementary Fig. 3 ). These neurons also responded to LK peptide (Supplementary Fig. 4g ), and their baseline GCaMP6S levels oscillated in phase with Lkr-Gal4 (Supplementary Fig. 4h ), confirming that both Lkr-Gal4 lines label the same neurons. Thus rhythmic pacemaker neuron activity is propagated at least two layers deeper into the brain to generate noncell-autonomous rhythms in LK-R neurons via LK signaling.
LK and LK-R neurons control locomotor activity and sleep
Rhythms in LHLK and LK-R activity suggest that the clock network imposes rhythmic neuronal activity on locomotor and sleep control centers. To test whether these neuronal rhythms are important for behavioral rhythms, we manipulated LK and LK-R neuronal activity. To manipulate the subset of LK-R neurons most likely to receive LHLK inputs, we used the more restricted Lkr R65C07 -Gal4. We activated LK and LK-R R65C07 neurons for 4 d using a UAS transgene expressing the heat-activated cation channel TrpA1, which is inactive below 25 °C (ref. 44) . After entraining to LD cycles at 19 °C, flies were assayed in DD for 4 d at 19 °C and then for 4 d at 28 °C. Control flies had stronger rhythms at 28 °C than 19 °C, as seen previously 10, 43 . In contrast, activating LK neurons weakened behavioral rhythms at 28 °C compared to 19 °C, while activating LK-R R65C07 neurons blocked the increase in rhythm strength at 28 °C (Fig. 6a and Supplementary Table 2) . These data suggest that LK and LK-R neuronal activity rhythms are required for normal behavioral rhythms.
To explore the effect of LK and LK-R neurons in more detail, we performed 1-d activation experiments and also used the temperature-sensitive dominant negative Dynamin (UAS-shi ts ) to block synaptic outputs 45 . Control flies increased their activity levels in response to heat (Fig. 6b) . This was due to increased locomotor activity while awake and decreased sleep (Supplementary Fig. 5a-d) . In contrast, activating LK neurons reduced locomotor activity levels (Fig. 6b) , by increasing the amount of sleep and reducing activity levels while awake (Supplementary Fig. 5a,c) . Since Lk>TrpA1 flies recovered similar activity and sleep levels to those of control flies on returning to 19 °C, activating LK neurons does not permanently alter locomotor and sleep circuit function or render flies unhealthy ( Fig. 6b and Supplementary Fig. 5a,c) .
Activating LK-R R65C07 neurons had the opposite effect to activating LK neurons, increasing locomotor activity and decreasing sleep compared to controls (Fig. 6b and Supplementary Fig. 5b ). This effect was shorter lived than for LK neurons and was most apparent during the first 6 h of the temperature shift ( Fig. 6b and Supplementary  Fig. 5d ). The opposite effects of activating LK and LK-R neurons are consistent with LK inhibiting LK-R excitability (Fig. 3) and indicate that LK neurons control locomotor activity and sleep levels by inhibiting LK-R neurons.
We then inhibited synaptic transmission from LK and LK-R R65C07 neurons with shi ts . Surprisingly, inhibiting LK neuron synaptic transmission had almost no effect on locomotor activity or sleep ( Fig. 6c  and Supplementary Fig. 5e ). One possible explanation is that LK neurons control these behaviors via neuropeptide signaling, which may be independent of Dynamin 46 . Indeed, constitutively hyperpolarizing LK neurons with the inward rectifier potassium channel Kir2.1 (ref. 47 ) reduced locomotor rhythm strength (Supplementary Table 2 ). npg a r t I C l e S In contrast, inhibiting synaptic transmission from LK-R R65C07 neurons reduced locomotor activity and increased sleep ( Fig. 6c and Supplementary Fig. 5f ). This effect was the opposite of the effect of activating LK-R R65C07 neurons and similar to the effect of activating LK neurons (Fig. 6b) . These data further support the model that LK neurons inhibit LK-R neurons, which normally promote locomotor activity and inhibit sleep. These results also show that LK-R neuron signaling is required by day for normal levels of locomotor activity and sleep.
We repeated the experiments with LK-R R65C07 neurons with a heat pulse starting at CT12 and obtained very similar results to those of CT0-24 heat pulses: LK-R R65C07 neuron activation and inhibition mainly affected behavior during subjective day (data not shown). Thus LK-R neurons seem competent to control locomotor and sleep only at times when they are most excitable (see Fig. 5 ). The absence of phenotypes at night could be due to masking effects by heat and/or interactions with other neural pathways that override the effects of LK-R signaling during subjective night. Indeed, light substantially delayed the effects of LK and LK-R R65C07 neuron activation and inhibition on locomotor activity during the day ( Supplementary  Fig. 6a ). This suggests that one or more pathways downstream of light at least partially suppress the effects of interfering with LK-R neuron signaling. Thus LK-R neuron outputs are likely integrated with other pathways to shape behavioral rhythms.
LK-R expressed in Malphigian tubule stellate cells responds to circulating LK peptide released from ABLKs to regulate diuresis 37 . To test whether the TrpA1 locomotor activity phenotypes require neuronal expression, we added elav-Gal80 to eliminate TrpA1 expression from neurons in Lk>TrpA1 and Lkr R65C07 >TrpA1 flies. Restricting TrpA1 expression to non-neuronal tissues abolished the effect on locomotor activity and sleep (Supplementary Fig. 6b ). Thus the LK and LK-R cells controlling locomotion and sleep are neurons. Together with LK/LK-R anatomy and our functional imaging experiments, these behavioral data implicate the brain LK/LK-R circuit as a critical circadian output that regulates rhythmic locomotor activity and sleep.
Rhythms propagate in a second clock output circuit Finally we examined a second group of clock output neurons: the DH44-expressing neurons in the pars intercerebralis that receive inputs from DN 1p clock neurons but do not express molecular clock components 10 . We found that baseline GCaMP6S levels oscillated in DH44 neurons and this required LN v s (Fig. 7) . Thus rhythmic DH44 neuron activity is also imposed by pacemaker neurons. We propose that nonautonomous propagation of neuronal rhythms is a general mechanism for transmitting pacemaker neuron information.
DISCUSSION
How does the clock network regulate downstream circuits? We show that the LHLK, LK-R and DH44 neurons downstream of the Drosophila clock network display clock-dependent activity rhythms in explanted brains, although these neurons have no molecular clocks themselves. The loss of LHLK, LK-R and DH44 neuronal activity rhythms after LN v ablation demonstrates that these rhythms originate from pacemaker neurons (Supplementary Fig. 7) . In addition, PDFR-expressing neurons in the ellipsoid body display a circadian rhythm in their cAMP response to acetylcholine that partly depends on PDF 14 . Thus clock output pathways relay rhythmic information to several different brain regions using diverse signals.
Function of LK/LK-R signaling
Behavioral analyses of Lk and Lkr mutants and neuronal manipulations implicate the LK/LK-R circuit in organizing locomotor activity and sleep over time. Specifically, we found that LK-R neurons promote locomotor activity and reduce sleep (Fig. 6) . This function seems distinct from the diuretic function of LK/LK-R signaling, which is likely controlled by LK release from ABLKs 19 . Indeed, we found that locomotor behavior was disrupted with RNAi targeting LK only in LHLKs but not in SELKs and ABLKs, and also when manipulating LK-R specifically in neurons. Other functions of LK/LK-R signaling such as regulating feeding 18 are unlikely to affect locomotor rhythms, since Lk and Lkr mutants ingest normal amounts of food 18 and since blocking feeding rhythms does not alter locomotor activity rhythms 7 . However, we cannot completely rule out the possibility that LK/LK-R regulation of feeding affects locomotor and sleep behaviors given the precedent of orexins (hypocretins) regulating both energy intake and arousal in vertebrates 48 .
LK-R neurons intermingle with neurons that promote locomotor activity in the FSB 8, 28 . However, LK-R neurons projecting to other locomotor centers such as the pars intercerebralis and ellipsoid body might also contribute to circadian behavior. The locomotor activitypromoting role of LK-R neurons is consistent with their neuronal activity profile determined by GCaMP: they are more excitable and active around dawn, when flies have high locomotor activity. Together with our analysis of LHLK and pacemaker neuron connections, these observations suggest a model in which signaling from the clock network inhibits LHLK neurons at dawn to allow LK-R neurons to signal and promote locomotor activity ( Supplementary  Fig. 7 ). Supporting this model, downregulating Lk and Lkr by RNAi interfered with morning anticipatory behavior but had no effect in the evening (data not shown).
In addition to being inhibited by LHLKs at dusk and night, we found evidence suggesting that LK-R neuron outputs are blocked by additional unidentified signaling pathways, as activating them at night did not affect locomotor behavior. Some of these pathways may be downstream of light, which partially suppresses LK-R-driven locomotor activity during the day. The exact timing of LK and LK-R firing is also likely to depend on additional non-circadian inputs and probably differs from the windows of excitability imposed by clock neurons. More work will be required to determine how the different circuits downstream of the clock interact to organize circadian behaviors.
In conclusion, our experiments reveal a mechanism to temporally control behavior: Pacemaker neuron electrical rhythms are propagated through downstream neuronal circuits that control specific components of circadian behavior. 
